It is tempting to seek a steady state for the interaction between shelf and canyon circulation. One of the possible approaches is to use Rossby adjustment to derive the steady state solution and avoid the relatively complicated, transient initial value problem. One purpose of our study is to apply this approach to investigate the basic dynamics in the interactive process of a shelf flow and a canyon. For a review of the open ocean adjustment problem, see Gill [1982, pp. 191-203] . Gill et al. [1986] applied the Rossby adjustment method to study the topographic problem and considered the problem of how a barotropic flow is modified when it passes over a steplike topography, using linear analysis and numerical and laboratory experiments. Extending the work of Gill et al. [1986] , Allen [1988 Allen [ , 1996a studied Rossby adjustment over a slope.
Since the purpose of our research is to reveal the basic properties of the shelf-canyon interaction and the effect of the canyon shape on the circulation, as a first step this paper will consider a homogeneous, inviscid fluid on an f plane. As will be demonstrated later, a rotating fluid, not initially in equilibrium, adjusts around a canyon to a final geostrophic state through long modified double Kelvin waves which transmit information along the canyon. The geostrophic state will be derived by constructing the solution from these long "canyon waves." The transient, propagating wave solution is investigated numerically by Chen [ 1996] .
Three types of canyon geometry, all with vertical walls and constant width, will be considered. The simplest is an infinitely long flat-bottom canyon cutting a flat shelf. Some effects of topography within the canyon will be investigated using an infinitely long canyon with a step dividing it into two sections, one deep and one shallow but both deeper than the shelf. The geometry of this type of canyon is shown in Figure  1 . The third canyon geometry is designed to include the main features of Juan de Fuca Canyon. In this case the canyon cuts through a flat shelf, the mouth of the canyon is at the shelf break, and the head of the canyon connects with a strait. The bottom of the canyon consists of four segments, with two flat regions and two slopes joining them. The geometry of this type of canyon is shown in Figure 2 . The coordinates used in this paper are oriented with x in the across-canyon direction and y along the central axis of the canyon.
The governing equations will be given in next section. The properties of the double Kelvin waves that exist in a flat-bottom canyon will be discussed in section 3. To provide the foundation for this paper, the geostrophic circulation over a flat-bottom canyon will be described in section 4. The far-field solution will be found by constructing a solution of long canyon waves. This solution will be demonstrated, in the case of a specified initial condition in which the fluid is at rest but in which there is a surface discontinuity, to be the geostrophic solution for a flat-bottom canyon in the far-field. An important parameter, or, will be defined in the process of solving 
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18,045 the problem. The flux and the full solution will be calculated under the special initial condition. By applying the solutions obtained in section 4, discussion of the geostrophic state around a stepped-bottom canyon will be presented in section 5. Effects of the shelf break, coast, and strait on the circulation around a canyon will be studied in section 6. A discussion will be given in section 7, and the conclusions will be presented in section 8.
Governing Equations
In a homogeneous, inviscid fluid on an f plane the governing equations for small disturbances are the linear shallow water equations, (la) (lb) (lc) where f is the Coriolis parameter, g is the acceleration due to (possibly reduced) gravity, H the undisturbed depth of the fluid, and u=(u,v) the horizontal velocity of the fluid. The coordinates are defined in section 1.
The depth in all our canyon models is constant except at the canyon edges, the shelf break, and the canyon slopes. In all other regions the gradient of the topography, VH, is zero. Solution of this initial value problem (3) can be found by adding a particular solution of it, which is the steady solution r/s (x, y), given by R2V2rls(X,y) -rls (X,y)= Ql(X,y )
to the solution of the homogeneous equation, which is the transient wave solution rlw(x,y,t), given by c)t. 2 +1 rlw(X,y,t)=O,
and with the initial condition rlw(X,y,O)=-Ql(x,y)= -rls(X,y). Equation (4) can be solved only after the values of r/s at the edges of the piecewise composed domain have been determined; these are the boundary conditions for (4).
A property of the boundary conditions for (4) can be obtained by combining (1) and assuming a steady state, u s .VH= 0.
Thus geostrophic currents, u s, must be parallel to the canyon walls, the canyon bottom step or slope, and the shelf break since at these locations VH • 0. The combination of requiring no flow across the canyon edges and along the canyon over the canyon bottom slope implies that there is no flow over the canyon bottom slopes. Geostrophic flows cannot cross these changes in depth (except at their intersections). This requirement means that r/s is a constant along the edge of each piecewise segment of the domain. We will use this property later to determine the boundary conditions for (4).
Canyon Waves
Instead of solving the complete time dependent problem (5) in this section, we present an analysis of the properties of canyon waves and of the structure of long canyon waves. Since the purpose of this paper is to present the geostrophic circulation, i.e., the solution of (4), the transient solution of (3) will be deferred to a later paper.
Consider an infinitely long canyon with vertical walls and a constant depth H2; the width of the canyon is a constant 2L, and the depth of the shelf is a constant H 1 ( H 1 • H 2 ). Assume that the solution of (5) takes a wavelike form
•lw(X, y,t)= E(x)exp[i(ky-(ot)],
where E(x) is a function of x, (o >0 is the frequency, and k is the wave number in the along-canyon direction. Substituting (6) into the momentum equations (la) and ( Poincare waves (first class waves) are the only waves possible in a barttropic, flat-bottom ocean on an f plane far from lateral boundaries. These waves establish the classic Rossby adjustment [Gill, 1982] , which will be the solution far from the canyon in our infinitely long canyon models. Note that the final, steady state will differ from the initial condition only in a narrow (one Rossby radius wide) region around the original change in surface elevation. Farther from the initial disturbance the propagating Poincare waves will carry energy but no surface height changes.
The presence of a change in depth allows second-class waves (potential vorticity waves [see Rhines, 1969 
where E(x) has the form of (11) with a 1 = 1/R 1 and a 2 = 1/R 2 for long canyon waves. The corresponding u(x,y,t) and v(x,y,t) are given by (7) and (8) 
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The first term of (la), i.e., (16a), is much smaller than the second and the third ones, i.e., (16b) and (16c), so the first term is negligible in (la); all terms of (lb), i.e., (17a), (17b) and (17c), are small but of the same order, so all terms must be considered in (lb). For a solution of (1) having the form (15), the momentum equations (la) and ( into the study region, whereas the canyon wave that is induced by and intensified on the canyon edge at x=L carries the information W n (y-cot) and travels from the negative end of the canyon into the study region. Together they determine the final geostrophic state. We will use the physical meanings of W• (y + Cot) and W n (y -Cot) to study the geostrophic circulation for all our canyon models. Iff<O, A will equal the right-hand side of (24b) and D will equal the fight-hand side of (24a). Therefore flow patterns in the southern hemisphere are the reverse of those in the northem hemisphere. The following discussion will be limited to the northern hemisphere (f>0).
Substituting (24) 
Geostrophic Solution Over a Stepped-Bottom Canyon
In the ocean the depth of a canyon is never uniform. As a first approximation to real situations, assume that the canyon is composed of two portions: a shallow upper canyon portion with constant depth H 2 and a deep lower portion with constant depth H 3 (H 3 > H2). If the length scale of the region where the depth changes from H 2 to H 3 is much shorter than the local Rossby radius, the bottom of the canyon can be represented by a step as shown in Figure 1 . The canyon is assumed to be infinitely long with vertical walls, the step is at y = d, the width of the canyon is 2L, and the depth of the shelf is H 1 . The geostrophic solution around this stepped-bottom canyon will be found by applying the results obtained in the preceding section. First, the far-field solution will be determined. At the part of the canyon edge at x = L between the shelf break and the canyon mouth slope, which is contiguous with the shelf break, the surface elevation must be the same value as that at the shelf break for x > L, riLC.
Analytical Far-Field Geostrophic
The surface elevation at the canyon edge at x = L is transmired by the canyon waves along the canyon edge in the +y direction and transmitted by the slope-induced topographic waves towards the canyon edge at x = -L. Regardless of the shape of the slope, the surface elevation over it is a constant, riLC, determined by the canyon waves. A constant surface elevation over the slope implies that the fluid there, in the geostrophic state, is stagnant (see Allen [1996a] for details). The canyon waves carry the surface height riLC to the edge of the strait.
Beyond the canyon head slope, in the geostrophic state, the surface elevation is uniform along the strait walls. If the surface elevation along the strait wall at x = L in the lower strait is assumed to be ri/3, the Kelvin waves within the strait will transmit this information along the strait wall at x = L toward the +y direction. Similar to the analysis for the canyon mouth slope, the canyon head slope does not interfere with the transmission of the information along the strait wall at x = L. The information ri• will be transmitted continuously along the whole length of the strait wall at x = L and transmitted by the slope-induced topographic waves toward the strait wall at x Note that riL• is equal to neither rizc nor rir. Thus Ps is a singular point similar to that discussed in section 5. At P s, where the coast meets the canyon edge at x = L, the incoming Kelvin waves which carry the information rlf f confront the incoming canyon waves which carry the information riLC. The outgoing Kelvin waves from P s propagate along the strait wall at x = L and transmit the information riLX in the +y direction.
Along the strait wall at x = -L, the Kelvin waves that propagate in the -y direction toward the head slope make the surface elevation a constant denoted ri-ro. However, in the region where the strait wall at x =-L meets the canyon head slope, these incoming Kelvin waves confront the incoming slopeinduced topographic waves that carry the information ri•.
The outgoing Kelvin waves that propagate toward the mouth of the strait make the surface elevation along the strait wall at x = -L in the lower strait a constant denoted ri-L2. The region where the canyon head slope meets the strait wall at x = -L is a singular line, an extension of the singular point discussed in section 5.
When the Kelvin waves reach the junction of the coast and the canyon edge at x =-L, the task of transmitting the information, ri-L2, is handed over to Kelvin waves that propagate in the-x direction along the coast and the canyon waves that propagate toward the canyon mouth slope.
The region where the canyon edge at x =-L meets the canyon mouth slope is another singular line. The outgoing canyon waves that propagate away from this region make the surface elevation along the canyon edge at x = -L in the deep canyon portion a constant denoted ri-L3'
The double Kelvin waves that propagate in the -x direction along the shelf break for x <-L make the surface elevation at the sheff break ri-Z3-The geostrophic solution of the steady state governing equation (4) at all depth changes and boundaries has been analyzed qualitatively and is indicated in Figure 7 for easy reference. Now the relations between these surface elevations must be found using conservation of mass and the properties of Solutions of the steady state governing equation (4) have been obtained at all depth changes (the canyon bottom slopes, the canyon edges, and the shelf break) and at all internal boundaries (the coast and the strait walls). Equation (4) can now be solved in each flat-bottom segment following the numerical procedure discussed in section 5.2. 1. Unlike the infinitely long canyons, the streamlines are not symmetric owing to the existence of the shelf break. If the initial condition is changed so that the geostrophic flow direction is reversed, the flow patterns will be similar to those shown except with all flow directions reversed. 2. A canyon can cause the inshore excursion of a shelf break current of either direction, but the net transport along the canyon and the flow within the canyon is always to the left of the shelf break current in the northern hemisphere.
Discussion
The analysis in this paper is based on the linear shallow water equations for the barotropic case and thus represents the strongest effects of the topography on the flow. Once stratification is considered, our results should be modified (see Allen [1996b] for the narrow canyon case). The barotropic solution can be directly extended to a special baroclinic case. If reduced gravity is used and hence the deformation scale is the internal Rossby radius, all results in this paper are retained in the bottom layer of a system with a relatively deep overlying layer (one and a haft layer stratified model [Gill et al., 1986] ).
In this paper, the dispersion relation for canyon waves has been calculated. The properties of long canyon waves are discussed and are essential for determining the geostrophic state. The wave solution is not given in this paper, and thus the adjustment problem posed in section 2 is only partially solved. Even so, some basic properties of the effect of canyons on shelf circulation have been revealed. Some important parameters defined in the process are ry and c o , and they are expected also to be significant for the wave solution.
The canyon number ry is an important parameter for describing the geostrophic state around a canyon. The value of • is determined by the geometry of the canyon system, i.e., the depth of the water layer on the shelf and over the canyon, the width of the canyon, and the Rossby radius over the canyon. A simple classical initial condition was used in most of the discussion. As long as the forcing is small enough that the flow remains approximately linear, solutions for other initial conditions can be found by linear superposition.
